SM. Imatinib attenuates inflammation and vascular leak in a clinically relevant two-hit model of acute lung injury.
pancreatitis, and aspiration of gastric contents (51) . Multiple endogenous inflammatory mediators, as well as exogenous agents such as LPS, alter the pulmonary endothelial cell (EC) structure, leading to paracellular gap formation and vascular leak (19) . Care for these patients is largely supportive, and low-tidal-volume mechanical ventilation (MV) is the only intervention proven to decrease mortality (1) . However, the biophysical forces present during MV can contribute to both the inflammatory and the permeability aspects of ARDS, a process known as ventilator-induced lung injury (VILI) (44) .
Recent work by multiple groups indicates that the FDAapproved tyrosine kinase inhibitor, imatinib, attenuates vascular permeability (5, 10, 27, 29, 45) . Although imatinib was originally designed to inhibit the BCR-Abl fusion protein that causes chronic myelogenous leukemia, it also inhibits several other kinases including c-Abl, Abl-related gene (Arg), c-kit, and platelet-derived growth factor receptor (PDGFR), suggesting that it may have pleiotropic effects on vascular function (39) . Accordingly, recent reports indicate that imatinib attenuates the vascular leak induced by diverse stimuli including thrombin, histamine, VEGF, LPS, and reactive oxygen species (ROS) (5, 10, 27, 29, 45) . These studies have indicated that multiple targets of imatinib, including c-Abl, Arg, and PDGFR, are involved in regulating the cytoskeletal rearrangements that mediate vascular permeability. Further support for a role of imatinib in the treatment of vascular leak is provided by a series of case reports in which imatinib therapy was associated with rapid resolution of pulmonary and systemic vascular leak (4, 8, 36) . Although these observations suggest that imatinib may be a promising treatment for inflammatory vascular leak, the mechanisms underlying these effects remain incompletely understood. Additionally, contrary to its barrier-protective effects, imatinib has well-established side effects of periorbital and subcutaneous edema, as well as pleural and pericardial effusions in patients, suggesting that it can worsen vascular leak in certain clinical contexts (17, 23, 41) .
Consistent with this potential for imatinib to exert both barrier-protective and edemagenic effects, we recently reported that imatinib attenuates LPS-induced lung injury but exacerbates VILI both in vitro and in vivo (29) . Because of the necessity of MV in the treatment of patients with ARDS, these observations are clinically relevant and suggest that imatinib has the potential to worsen ARDS in some situations. To address this concern, in the present study, we investigated the efficacy of imatinib using a "two-hit" preclinical murine model of ALI that combines intratracheal LPS administration followed by high-tidal-volume MV (H TV MV). Additionally, we assessed the therapeutic potential of imatinib when given after the onset of inflammatory lung injury, a critical step in the preclinical testing of interventions aimed at treating existing injury. We also characterized the effects of imatinib on LPSinduced NF-B signaling in vitro and in vivo. Our data indicate that imatinib has potent anti-inflammatory effects, in addition to its previously described effects on EC permeability, and further support its potential use as a therapeutic option for inflammatory vascular leak syndromes.
MATERIALS AND METHODS
Animal care and preclinical models of ALI. Male C57BL/6J mice aged 8 -12 wk (Jackson Laboratories, Bar Harbor, ME) were used for all experiments. Mice were anesthetized with intraperitoneal ketamine (100 mg/kg) and xylazine (5 mg/kg) before LPS and VILI protocols, with additional doses given as needed during the VILI protocol to ensure adequate anesthetic depth. For experiments utilizing the twohit lung ALI model, animals were given intratracheal (it) LPS (0.5 mg/kg), allowed to recover for 20 h, and were then reintubated and placed on MV (Harvard Apparatus, Boston, MA) with room air for 4 h using the following parameters: tidal volume (V T) 30 ml/kg, respiratory rate 75 breaths/min, and positive-end expiratory pressure 0 cm H 2O. Spontaneously breathing (SB) control animals were given intratracheally PBS instead of LPS and were intubated but allowed to breathe spontaneously for the 4 h. Imatinib (75 mg/kg, ip) (LC Laboratories, Woburn, MA) or vehicle (water) was given 30 min before LPS administration and again 30 min before the initiation of MV. For experiments in which imatinib was administered post injury, imatinib (75 mg/kg, ip) or vehicle was given 4 h after LPS (1 mg/kg, it) or PBS. The dosage of imatinib used was chosen to be 75 mg/kg to be consistent with our previous work and within the range of what other groups have used in mice (5, 27, 29) . The dosage of imatinib used in cancer therapy ranges from 11-15 mg/kg depending on the particular malignancy (16, 37) . Although this dose is lower than what we used in the mouse models in this study (75 mg/kg), there are substantial differences in the metabolism of imatinib between mice and humans that strongly suggest that the dosage used in this study is reasonable and clinically relevant. The most striking difference between the pharmacokinetics of imatinib in humans and mice is that the half-life of imatinib in mice is 2.4 h, compared with 18 h in humans (37, 39, 47) . Thus, to attain an effective plasma concentration of imatinib in the time frame necessary for our studies, a higher dose of imatinib was necessary than that used clinically in humans.
At the termination of each of the animal experiments, bronchoalveolar lavage (BAL) fluid was collected by instilling 1 ml of HBSS (Invitrogen, Grand Island, NY) through the tracheal cannula into the lungs, followed by slow recovery of the fluid. Cells were recovered from the resulting BAL fluid by centrifugation (500 g, 20 min, 4°C) and counted using an automated cell counter (TC20; Bio-Rad, Hercules, CA). Manual differential cell counts (500 cells/sample) were performed by a blinded investigator on cytospin samples (Shandon, Cytospin 4; Thermo Fisher Scientific, Rockford, IL) after staining with Kwik Diff Stain (Thermo Scientific). The BAL fluid supernatant was centrifuged again (17,000 g, 10 min, 4°C) and stored at Ϫ80°C for further analysis. Lung tissues were snap-frozen in liquid nitrogen or embedded in paraformaldehyde (PFA) for histology. Select animals in both studies were given Evans blue dye (EBD) (30 mg/kg) 1 h before harvest via an intrajugular injection. BAL was not performed on animals that were given EBD before harvest. All animal care procedures and experiments were approved by the University of Illinois at Chicago Animal Care and Use Committee.
Analysis of mouse samples. BAL fluid protein was measured using a bicinchoninic acid assay kit (Thermo Scientific), and BAL TNF-␣, IL-6, and IL-1␤ levels were measured using ELISA kits obtained from eBiosciences (San Diego, CA) according to the manufacturer's protocols. Lung tissues were homogenized in radioimmunoprecipitation assay (RIPA) buffer supplemented with protease and phosphatase inhibitors using a hand-held homogenizer (Qiagen, Venlo, The Netherlands), subjected to three freeze-thaw cycles, and sonicated before protein quantification and Western blotting. Lung tissue and BAL albumin concentrations were measured using an ELISA kit (Bethyl Laboratories, Montgomery, TX).
Wet:dry lung weight measurements and EBD measurements were conducted on mice that did not undergo BAL. In these animals, mice were given an intrajugular injection of EBD (30 mg/kg) 1 h before harvest. Following perfusion of the vasculature, the left lungs were immediately excised and weighed for determination of wet lung weight. The lungs were then placed in an oven at 21°C for 48 h and then weighed again for determination of dry lung weight. The right lungs of these animals were frozen in liquid nitrogen and then homogenized in 1 ml of PBS using a hand-held homogenizer (Qiagen). The samples were then incubated in a 60°C water bath overnight, after the addition of 2 ml of formamide to each sample. The following morning, the samples were centrifuged (12,000 g, 20 min, room temperature). The EBD concentration in the resulting supernatant was determined by spectrophotometry as previously described (33) .
Lung histopathology and immunohistochemistry. To assess alterations in the lung tissue morphology, lungs were fixed in formalin, embedded in paraffin, sectioned, mounted onto slides, and stained with hematoxylin-eosin (H and E). Separate slides for immunohistochemistry (IHC) were hydrated through a xylene and alcohol gradient before antigen unmasking with an EDTA-based retrieval solution. Slides were then blocked with hydrogen peroxide blocking reagent (20 min, room temperature), probed with NF-B antibody (Abcam, Cambridge, MA) (1:100, 60 min, room temperature), and then incubated in anti-rabbit horseradish peroxidase (HRP) secondary antibody (Biocare, Concord, CA) (20 min, room temperature). NF-B staining was detected by 3,3=-diaminobenzidine (Cell Marque, Rockland, CA) for 10 min. All slides were scanned using an Aperio ScanScope (Leica, Buffalo Grove, IL), and representative images were taken at ϫ100 by an individual blinded to experimental condition.
Endothelial cell culture and Western blotting. Human pulmonary artery endothelial cells (HPAEC) were purchased from Lonza (Walkersville, MD) and cultured in endothelial growth medium-2 supplemented with 10% FBS (Sigma, St. Louis, MO). Cells were maintained at 37°C in a 5% CO 2 incubator and used at passages 6 -8 . For all experiments, the media containing 10% FBS was replaced with media containing 2% FBS 3 h before the indicated treatment. HPAEC were treated with imatinib (40 M) or vehicle (water) for 1 h before challenge with LPS (E0127:B8, Sigma no. L3880) (1 g/ml, 0 -60 min). The in vitro dosage of imatinib was chosen to be consistent with the dosage used in our previous publication (29) . Although this dose is slightly higher than that used in other in vitro studies on the effects of imatinib on vascular integrity (10 M) (5, 10), these studies solubilized the drug in DMSO, which increases permeability of the plasma membrane and thus increases the effective concentration of imatinib in the cells (15) . Following the indicated treatments, EC were washed in ice-cold PBS and then harvested in RIPA buffer supplemented with protease and phosphatase inhibitors. Protein samples were then prepared in Laemmli SDS sample buffer (Boston Bioproducts, Ashland, MA), boiled, subjected to SDS-PAGE, and transferred to polyvinylidene difluoride membrane. The membranes were blocked in 5% BSA and incubated in the indicated antibodies (phospho-NF-B, total NF-B, and IB were purchased from Cell Signaling, Danvers, MA) (overnight, 4°C). Next, HRP-conjugated secondary antibodies (Cell signaling) were added to the membranes (60 min, room temperature), and the Pierce enhanced chemiluminescence de-tection system (Thermo Scientific) was used to visualize the bands. Western blots on homogenized mouse lung samples were conducted identically. Band densities were determined using the Image J software (http://imagej.nih.gov/ij/) (National Institutes of Health).
Immunofluorescence microscopy. HPAEC grown on gelatin-coated coverslips were treated with imatinib and LPS as described above, fixed in 4% PFA (20 min, room temperature), permeabilized with 0.1% Triton-X in PBS, and incubated with NF-B p65 antibody (overnight, 4°C). Coverslips were then washed, incubated with fluorescently labeled secondary antibody, and mounted on glass slides using 4=,6-diamidino-2-phenylindole Prolong Gold anti-fade reagent (Invitrogen). Images were acquired by a blinded investigator using Nikon Eclipse TE2000 microscope at ϫ63 with an oil emersion lens.
Statistical analysis. Results were expressed as mean Ϯ SE with three to seven animals per group in each experiment. The data for BAL albumin, lung tissue albumin, EBD extravasation, and lung tissue NF-B expression are presented as values normalized to either the LPS ϩ VILI ϩ Veh (2-hit model), or to LPS ϩ Veh (postinjury studies). Only three animals per group were used in the SB groups (2-hit model studies) and the PBS injection groups (postinjury studies) because of the very small variation between samples. All in vitro experiments were repeated at least three independent times. Student's t-test was used to compare between two groups, and one-way ANOVA with Tukey's post hoc test was used to compare between multiple groups. All statistical analyses were performed using GraphPad Prism 6 software with the significance level set to P Ͻ 0.05 for all experiments.
RESULTS

Imatinib attenuates vascular leak and inflammation in a clinically relevant two-hit model of ALI.
We recently reported that imatinib attenuates LPS-induced ALI but exacerbates VILI in both cell culture and murine models (29) . However, because of the necessity of MV in the treatment of ARDS, inflammation-and mechanical force-induced cellular injuries commonly coexist in patients. In this study, we utilized a clinically relevant two-hit murine model of LPS combined with VILI (22, 31) to further assess the efficacy of imatinib in ALI. In these studies, mice were challenged with LPS (0.5 mg/kg, it) (t ϭ 0 h), followed by H TV MV (V T ϭ 30 ml/kg) (t ϭ 20 -24 . Additionally, in separate animals, Evans Blue dye (EBD) was injected (30 mg/kg, iv) 1 h before harvest, and representative extravasation into harvested lung tissue is shown (E) and quantified in multiple samples (F). The left lung of each of these animals was used for calculation of lung wet:dry ratio (G). SB (n ϭ 3), SB ϩ imatinib (n ϭ 3), LPS ϩ ventilator-induced lung injury (VILI) (n ϭ 3-11) and LPS ϩ VILI ϩ imatinib (n ϭ 3-6). *P Ͻ 0.05 compared with SB controls and #P Ͻ 0.05 compared with untreated animals.
h). Imatinib (or vehicle) was given 30 min before LPS injection (t ϭ Ϫ0.5 h) and again 30 min before MV (t ϭ 19.5 h) (Fig.  1A) . In this study, we utilized identical imatinib treatments and MV parameters as in our previous work (29) and therefore have not included redundant data here on the effects of pretreatment with imatinib in LPS-induced lung injury or VILI alone. As expected, mice exposed to the two-hit model displayed increased BAL protein (ϳ4-fold), indicative of increased vascular leak. Imatinib was protective in this model and reduced BAL protein levels by 33% (P Ͻ 0.01) (Fig. 1B) .
To further quantify the vascular leak, albumin levels in BAL fluid and lung tissue were quantified. Imatinib attenuated the increase in lung tissue albumin induced by LPS plus VILI by 22% (P Ͻ 0.05) (Fig. 1C) . We also observed a trend toward decreased BAL albumin in imatinib-treated animals (22% decline, P ϭ 0.2) (Fig. 1D) . Additionally, EBD extravasation into the lungs, another well-characterized measurement of vascular leak (21) , was decreased by 33% (P Ͻ 0.05) in animals receiving imatinib ( Fig. 1, E and F) . Furthermore, LPS plus VILI significantly increased lung wet:dry weight ratio, a measure of pulmonary edema, and imatinib attenuated this increase by 62% (P Ͻ 0.05) (Fig. 1G) . Together, these data indicate that imatinib attenuates vascular leak in this two-hit model of ALI.
We next assessed pulmonary inflammation in these animals by measuring BAL cell counts and lung histology. Compared with control mice, the two-hit injury model caused a dramatic increase in total BAL cells and BAL neutrophils, which were decreased by 56 and 52%, respectively, in imatinib-treated animals (P Ͻ 0.001 for both) (Fig. 2, A and B) . Histologic analyses of H and E-stained lung tissue revealed that mice challenged with LPS plus MV displayed architectural distortion and neutrophil invasion, which were substantially decreased in the imatinib-treated animals as evidenced by representative images from three independent mice treated with imatinib, along with LPS plus VILI, and three vehicle-treated control animals that were also subjected to LPS plus VILI (Fig.  2C) . Together these data demonstrate that imatinib attenuates inflammation in this clinically relevant two-hit model of ALI.
Imatinib is protective after the onset of inflammation in LPS induced-lung injury. Given that the efficacy of imatinib in the two-hit model is similar to that observed in LPS-induced ALI alone, we next employed this more easily interpreted LPS-only model to evaluate the potential for imatinib to attenuate ALI after the onset of injury. For these studies, mice were challenged with LPS (1.0 mg/kg, it) or PBS and then received imatinib (75 mg/kg, ip) or vehicle 4 h later. The dosage of LPS was increased in these experiments compared with the two-hit injury model to cause a more robust injury in the setting of a single-hit model. Animals were harvested 18 h after LPS administration, and BAL and lung tissue were collected and analyzed identically to the two-hit model studies. As expected, BAL protein, BAL albumin, and lung tissue albumin levels were all increased in the LPS-challenged mice compared with PBS-treated control animals. Additionally, despite being given 4 h after the onset of injury, imatinib retained its protective effects and attenuated vascular leak as measured by BAL total protein content (40% decline, P Ͻ 0.05) and BAL albumin Mice were subjected to the 2-hit lung injury model (LPS ϩ VILI), and lung inflammation was quantified by BAL total cell counts (A) and BAL neutrophil counts (B). Representative hematoxylin and eosin (H and E)-stained lung sections are shown (C). Each H and E image was obtained from a different animal. SB (n ϭ 3), SB ϩ imatinib (n ϭ 3), LPS ϩ VILI (n ϭ 3-11), and LPS ϩ VILI ϩ imatinib (n ϭ 3-6). *P Ͻ 0.05 compared with SB controls and #P Ͻ 0.05 compared with untreated animals.
(51% decline, P Ͻ 0.05) (Fig. 3, A and B) . We also observed a trend toward decreased lung tissue albumin (24% decline, P ϭ 0.15) compared with LPS alone (Fig. 3C) . These data were supported by measurements of EBD extravasation and wet:dry lung weight. The leakage of EBD into the lung parenchyma was decreased by 25% (P Ͻ 0.05) in the animals receiving imatinib after LPS (Fig. 3, D and E) , and the wet:dry lung weight ratio was decreased by 50% (P Ͻ 0.05) in the imatinib-treated animals (Fig. 3F) .
We then measured the BAL cell counts and carried out histological analyses of the lung tissue to measure the inflammatory damage present in these animals. As expected, the LPS-challenged mice displayed drastically higher BAL cell counts (Fig. 4A ) and neutrophil numbers (Fig. 4B) than the PBS-treated control animals. Similar to previous experiments in which the imatinib was administered 30 min before the time of injury, imatinib given 4 h after LPS still attenuated LPSinduced BAL cell counts by 41% (P Ͻ 0.05) and neutrophil counts by 43% (P Ͻ 0.05). In agreement with these data, histological assessment of H and E-stained lung sections from multiple independent animals demonstrated decreased edema formation, neutrophil invasion, and disruption of lung tissue morphology in the mice receiving imatinib (Fig. 4C) . Together, these studies suggest that imatinib retains barrier-protective and anti-inflammatory effects in LPS-induced ALI when given after the onset of injury.
Imatinib attenuates LPS-induced TNF-␣ production in vivo.
To further characterize the anti-inflammatory effects of imatinib, we next utilized ELISAs to measure its effects on production of the inflammatory cytokines TNF-␣, IL-6, and IL-1␤. Imatinib reduced BAL levels of TNF-␣ in the two-hit injury model (88%, P ϭ 0.001) (Fig. 5A) . We also observed a trend toward decreased TNF-␣ in the LPS-only postinjury model (21%, P ϭ 0.33) (Fig. 5C) . In both injury models there also was a trend that did not reach statistical significance toward decreased BAL IL-6 in imatinib-treated mice (Fig. 5, B  and D) , consistent with our previous observations (29) . Neither IL-6 nor TNF-␣ was detected in the BAL of the control animals in either model (data not shown). IL-1␤ was increased in both ALI models, but imatinib treatment did not alter its levels (data not shown). Fig. 3 . Imatinib decreases LPS-induced vascular leak when given after injury onset. Mice were challenged with LPS (1.0 mg/kg, it) (vs. PBS) and then received imatinib (75 mg/kg, ip) (vs. vehicle) 4 h later. Samples were harvested 18 h after LPS administration. Pulmonary vascular permeability was quantified in these animals by measuring BAL protein (A), BAL albumin (B), and lung tissue albumin (C). In separate animals, EBD was injected (30 mg/kg, iv) 1 h before harvest, and representative extravasation into harvested lung tissue is shown (D) and quantified in multiple samples (E). The left lung of each of these animals was used for calculation of lung wet:dry ratio (F). SB (n ϭ 3), SB ϩ imatinib (n ϭ 3), LPS (n ϭ 3-6), and LPS ϩ imatinib (n ϭ 3-6). *P Ͻ 0.05 compared with SB controls and #P Ͻ 0.05 compared with untreated animals. cultured human lung EC (29) . To determine whether these effects are mediated by decreased NF-B activation, HPAEC were pretreated with imatinib (40 M, 60 min) and then challenged with LPS (1 g/ml, 0 -60 min). Cell lysates were then assessed by Western blotting for NF-B phosphorylated at Ser 536 , indicative of activated NF-B (40) . LPS increased NF-B phosphorylation threefold at 30 min and fourfold at 60 min, whereas imatinib attenuated this LPS-induced NF-B activation at both time points (P Ͻ 0.05) (Figs. 6, A and B) . These changes were found to be independent of levels of IB (Fig. 6A) . In confirmatory immunofluorescence experiments, imatinib inhibited LPS-induced translocation of NF-B p65 to the nuclei in HPAEC (Fig. 6C) , which is indicative of decreased transcriptional activation (49) .
Imatinib decreases LPS-induced NF-B activation in HPAEC and expression in mouse lung tissue. Imatinib inhibits LPS-induced VCAM-1 expression and cytokine production in
To determine the effects of imatinib on LPS-induced NF-B expression in vivo, we performed Western blot analysis of whole lung homogenates from LPS-challenged mice that received imatinib (or vehicle control) 4 h after the onset of injury. NF-B expression that was 39% lower was observed in the whole lung homogenates of mice receiving imatinib compared with the vehicle-treated controls (P Ͻ 0.05) (Fig. 7, A  and B) . In confirmatory experiments, we further evaluated NF-B expression in vivo using IHC of formalin-fixed, paraffin-embedded sections from LPS-challenged mice receiving imatinib or vehicle. LPS substantially increased NF-B expression in lung tissue, whereas imatinib attenuated this increase (Fig. 7C) . Together, these studies demonstrate that imatinib inhibits LPS-induced NF-B activation in human pulmonary EC as well as total NF-B expression in mouse lungs.
DISCUSSION
Inflammatory vascular leak underlies the pathophysiology of several disorders that afflict critically ill patients, including sepsis and ARDS (25, 51) . In these disease processes, multiple inflammatory stimuli combine to alter the EC cytoskeleton, which results in intercellular gap formation, increased permeability, and ultimately edema formation (19) . Although there are no effective therapies to protect EC barrier function, recent work from several groups has demonstrated that imatinib, an FDA-approved tyrosine kinase inhibitor, attenuates vascular leak induced by multiple inflammatory stimuli (5, 10, 27, 45) . Imatinib-mediated barrier protection has also been reported in vivo using the murine cecal ligation and puncture sepsis model and LPS-induced ALI in both immunocompetent and immunocompromised mice (5, 27, 29) . Additionally, a recent series of case reports suggests that imatinib may reduce vascular permeability in certain conditions in humans (4, 8, 36) , suggesting that imatinib may have therapeutic potential in patients with inflammatory vascular leak syndromes.
However, contrary to these barrier-protective effects, imatinib commonly causes side effects indicative of increased vascular leak, including periorbital and subcutaneous edema, as well as pleural and pericardial effusions (17, 23, 41) . Additionally, we recently reported that imatinib exacerbates VILI in both animal and cell culture models of this condition (cyclic stretch and H TV MV, respectively) (29) . Because of the crucial role of MV in ARDS treatment, this observation raises significant concerns regarding the potential efficacy of imatinib Fig. 4 . Imatinib decreases LPS-induced inflammation when given after injury onset. Mice were challenged with LPS (1.0 mg/kg, it) (vs. PBS) and then received imatinib (75 mg/kg, ip) (vs. vehicle) 4 h later. Lung inflammation was then quantified by BAL total cell counts (A) and BAL neutrophil counts (B). Representative H and E-stained lung sections are shown (C). Each H and E image was obtained from a different animal. SB (n ϭ 3), SB ϩ imatinib (n ϭ 3), LPS (n ϭ 3-6), and LPS ϩ imatinib (n ϭ 3-6). *P Ͻ 0.05 compared with SB controls and #P Ͻ 0.05 compared with untreated animals.
in patients with ARDS. The present study advances our knowledge concerning the therapeutic potential of imatinib in ALI/ ARDS by demonstrating its efficacy in a clinically relevant, two-hit mouse model of ALI induced by a combination of LPS and VILI (Figs. 1 and 2 ). In these experiments, the ventilator parameters and imatinib treatments were identical to those in our previous work (29) , and for this reason the data from VILI alone are not repeated in this study. Although the current ARDS Network lung-protective strategy recommends starting with 6 ml/kg V T (1), we elected to utilize a relatively high V T (30 ml/kg) because of the differences in human vs. mouse lung architecture as well as to maximize the deleterious effects of VILI in this model, thus biasing our study toward accepting the null hypothesis that imatinib is not efficacious in murine ALI. Additionally, the dosage of LPS was lowered from 1.0 mg/kg to 0.5 mg/kg to better titrate the level of lung injury to test this null hypothesis. Given that our study was biased toward identifying the potential deleterious effects of imatinib, its protective effects in this two-hit model are particularly encouraging. These data strongly suggest that the protective effects of imatinib on LPS-induced ALI outweigh its deleterious effects in VILI. Given that our data demonstrate a protective effect of imatinib in the two-hit model despite maximizing its potential deleterious effects (by using a V T that is substantially higher than the ARDS Network recommendation), we believe that further preclinical testing of this therapeutic agent for ARDS is warranted.
Additional experiments demonstrate the potential of imatinib to attenuate ALI when given after the onset of injury (Figs. 3 and 4) , an essential characteristic for any intervention being considered as therapy for established disease. Interestingly, the BAL TNF-␣ and IL-6 levels were much higher in the LPS-only model compared with the two-hit model, which we hypothesize is due to the higher dose of LPS used in the LPS-only experiments. Additionally, we observed that the effect of imatinib on the levels of these cytokines was diminished in the LPS-only model, which suggests that the upregulation of these inflammatory cytokines occurs early in LPS-induced ALI. Although this study focused on the effects of imatinib on LPS-induced NF-B signaling, it is important to note that VILI also induces NF-B signaling (28, 32) . Thus additional research is necessary to determine the effects of imatinib on NF-B signaling in the context of MV alone.
The effects of imatinib in several different vascular leak models suggest that multiple imatinib-sensitive kinases may contribute to these effects. Notably, the nonreceptor tyrosine kinase Arg is activated downstream of thrombin, histamine, and VEGF and contributes to vascular leak by inhibiting Rac activation and impairing focal adhesion remodeling (5) . Subsequent work demonstrated that the closely related kinase c-Abl also contributes to the cytoskeletal rearrangements that occur downstream of VEGF, thrombin, and histamine via effects on the small GTPases Rac1 and Rap1, D) . 2-hit injury data represent SB (n ϭ 3), SB ϩ imatinib (n ϭ 3), LPS ϩ MV (n ϭ 6), and LPS ϩ MV ϩ imatinib (n ϭ 7). Post-LPS data represent SB (n ϭ 3), SB ϩ imatinib (n ϭ 3), LPS (n ϭ 3-6), and LPS ϩ imatinib (n ϭ 3-6). #P Ͻ 0.05.
as well as by inhibition of actin-myosin contractility in EC (10) . Additionally, both c-Abl and Arg are activated in response to oxidative stress (6, 7) , and inhibition of c-Abl with imatinib in murine microvascular EC has antioxidant effects, including increasing protein expression of glutathione peroxidase 1 and catalase (45) . However, despite these beneficial effects of Abl family kinase inhibition on EC permeability, c-Abl is critically involved in the barrierenhancing responses to both sphingosine 1-phosphate and FTY720 (18, 50) . Additionally, loss of EC c-Abl causes increased apoptosis and vascular dysfunction in EC-specific c-Abl knockout mice (11) . Together, these observations support a model in which Abl family kinases are critical mediators of vascular function with both protective and disruptive effects in a stimulus-specific manner.
We recently reported that imatinib attenuates LPS-induced VCAM-1 expression and inflammatory cytokine production (IL-6, IL-8) in cultured HPAEC (29) . In EC, the process of transcriptional activation of NF-B mediates the expression of multiple cellular adhesion molecules (CAMs), including ICAM, VCAM-1, and E-selectin, that are involved in neutrophil extravasation (13) . Thus, in the current study, we examined the effects of imatinib on NF-B expression and activation. Imatinib inhibited LPS-induced NF-B phosphorylation and nuclear translocation in cultured human lung EC (Fig. 6 ) and NF-B expression in mouse lung tissue (Fig. 7) . Interestingly, imatinib did not alter VCAM-1 expression in the lung tissue of LPS-challenged mice (data not shown). Possible explanations for this observation include the multitude of cell types present in the whole lung tissue as well as the time point at which the animals were harvested relative to the expected increase in VCAM-1 expression.
In support of these data, recent work indicates that imatinib decreases NF-B activation in macrophages and in human myeloid cells (12, 52) , and anti-inflammatory effects of imatinib have been reported in several inflammatory lung diseases including idiopathic pulmonary fibrosis, pulmonary arterial hypertension, and asthma (9, 14, 42) , as well as systemic conditions, such as rheumatoid arthritis and multiple sclerosis (2, 3) . However, interestingly, the effects of imatinib on inflammation and NF-B activation appear to vary with cell type and length of exposure. In pancreatic ␤-cells, imatinib initially increases NF-B activation, but after a longer exposure it causes a dampened cytokine response (26, 34) . Further exploration of the effects of imatinib on inflammatory signaling in pulmonary EC may provide additional insights into its therapeutic potential in ALI/ARDS and other inflammatory lung diseases (Fig. 8) .
Although in the present study we did not explore the effects of imatinib on NF-B signaling specifically in the VILIalone model or the two-hit injury model, NF-B activity is known to contribute to the pathogenesis of VILI (24, 35, 43) , so it will be interesting in future experiments to characterize how imatinib alters VILI-induced NF-B signaling. However, VILI is an extremely complex process in which multiple pathways are involved, including MAP kinase signaling, actin-cytoskeletal rearrangements, and activation of cyclic adenosine monophosphate regulatory elementbinding protein (30, 35, 38, 48) , suggesting that the deleterious effects of imatinib reported in the VILI model (29) are A and B) . HPAEC plated on glass coverslips were subjected to identical conditions, and immunofluorescence microscopy was conducted to determine the localization of total NF-B p65 protein (red). 4=,6-diamidino-2-phenylindole (DAPI) (blue) was used to stain the nuclei (white arrows) (C). Data are representative of 3 independent experiments. *P Ͻ 0.05 compared with nonchallenged samples.
likely due to its effects on pathways other than NF-B signaling. An important limitation of our work is that imatinib inhibits multiple kinases, and therefore specific conclusions about the mechanism responsible for its protective effects cannot be made. For example, imatinib decreased PDGFR expression in a model of LPS-induced ALI in neutropenic mice (27) , and inhibition of PDGFR with imatinib has been implicated in the resolution of vascular leak across the blood-brain barrier in mice (46) . In our previous work, we observed that the effect of imatinib on LPS-induced VCAM-1 upregulation was mediated by c-Abl, but not Arg (29) . Given that VCAM-1 upregulation occurs downstream of NF-B activation, we anticipate that the effects of imatinib on NF-B activation are mediated by c-Abl.
However, additional work is necessary to determine the mechanisms underlying these protective effects in ALI, including the pathway through which imatinib inhibits LPS-induced NF-B activation.
In conclusion, we have demonstrated that imatinib is efficacious in two clinically relevant murine models of ALI. These results suggest that imatinib attenuates the inflammation and vascular leak induced by LPS when combined with VILI and that these protective effects outweigh the deleterious effects of this intervention previously reported in VILI alone. Multiple imatinib targets may be implicated in these effects, and additional studies are required to characterize their roles in the regulation of endothelial barrier integrity and inflammatory signaling pathways. Given that imatinib and several additional Abl family kinase inhibitors are currently in clinical use for multiple medical conditions (39) , this work has potential for rapid translation into clinical trials in patients.
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